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ABSTRACT

Additional and more detailed materials are provided as a supplement to the paper with the

above title. It includes:

1. Comparative schemes for the isothermal or the polythermal method based on a
concentration vs temperature profile

2. The full derivation of the set of expressions that compris& B¥¢R approach [1, 2]

3. Kerosene n-alkanes chain length distribution

4. Temperature calibration lines for the Crystal 16 unit

5. Flow chart describing how to apply the KBHR approach for the analysis of nucleation
kinetics from polythermal experimental data

6. Experimental crystallisatioff, and dissolutionT,;s; temperatures as a function of
cooling rateg

7. Comparative figures of nucleation kinetics parameters for methyl stearate crystallising
from dodecane, kerosene and toluene solvents at the experimental crystallisation

temperatures

The reference numbering in the supplementary information coincides with that in the paper.

The reference to equations numbering from section 3 to 7 coincides with that in the paper.



1. Comparative schemes for the isothermal or the polythermal method based on a

concentration vstemperature profile
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Fig. S1 Compar ative scheme of the different approaches used to collect experimental data to assess nucleation kinetics
based on a concentration vstemperature plot a) isothermal b) polyther mal

2. Detailed derivation of themodel equations, used to assess solution’s crystallisation

kinetics, from the Kolmogor ov-Johnson-Mehl-Avrami (KJMA) expression

A detailed derivation of the set of expressions that conformk B#R approach is presented
below. Expressions for the dependence of critical undercooling on cooling rate are derived for
the cases of progressivBN and instantaneous nucleatidivn mechanism from the

Kolmogorov-Johnson-Mehl-Avrank ] MA.

The KBHR approach makes use of a master equation presented by Kadi3dhi¢hat
describedhe first-order transition nucleation process restricted to one component nucleation

by either homogeneous or heterogeneous nucleation.



In crystallisation of a single component the phase transformation kinetics can be explained by
the Kolmogorov-Johnson-Mehl-Avrarii/MA equation [37]. The central idea of this equation

is to focus on the increment in the fraction transformed and to relate it to the current value of
the fraction transformed. A conversion fraction of the crystallites” volureeéypically defined

as

(1)

<Is

wherel/. is the volume of crystallites arilithe total volume of solution

Estimating the dependence of the volume of crystallites onlfitagfrom the master equation

is a complex mathematical challenge especially at the late stages of crystallisation when
multiple contacts between crystallites should be considered. To overcome this difficulty the
KJMA theory assumes th#t results from nucleation of material points at a y&t¢ which

then only expand irreversibly in radial direction with growth rétg) [37].Under this
assumptior¥, can be easily found at the early stage of crystallisation not long after the initial
momentt = 0 when there is already a certain level of supersaturation, the whole volume of the

solution is available for nucleation and there is no contact between the growing crystallites.

The obtained{/MA formula limited to the early stage of nucleation shows that the progression

of the fraction of crystallised volume is controlled by two basic parameters of the process of

crystallisation: crystallite nucleation and growth rates [1, 2, 37]

2.1 Progressive nucleation case



In the case of progressive nucleation K@ A formula can be expressed as [2, 37]

t t—t' d
a&)=kvf]@UUﬂ Gaqdﬂldf_ﬂwa<oa (2)
0 0

wheret andt’ are time integration variablgsis the time dependent rate of either homogeneous
or heterogeneous nucleatighis the time dependent radial crystallites” growth rate, 1,2,3

is the dimensionality of crystallites” growite. 3 for spheres or cubes, 2 for disk or plates and
1 for needle shaped crystaks, (m3~4) crystallites” growth shape factor i%éf. for spheres, 8

for cubestH, for disks,4H, for square plated is the fixed disk or plate thickness), and

24, for needles4, is the fixed needle cross-sectional area)

Starting att = 0 from the equilibrium temperatufé at steady cooling, relative undercooling

is defined as
AT  To-T
u= =" (3

whereT is the solution’s temperature

From classicaBD nucleation theory the rate of crystallites nucleation can be expressed in terms

of relative undercoolings

—b
J(t) = K;e(1-wu? (4)



wherek; is the nucleation rate constant and the dimensionless thermodynamic pataiseter

given by

kT2

wherek,, is the nuclei numerical shape factor iLér/3 for spherical nuclei an82 for cubic
nuclei, v, is the volume occupied by a solute molecule in the crygsa}, is the effective

interfacial tension of the crystal nucledss the molecular latent heat of crystallisation &nd

is the Boltzmann constant

In the same way the radial crystallite growth rétg) in terms of undercooling can be

expressed as

m-1 —au

T, _—au_
G() =m (f) k|1 - eTw

nm

] 1 (6)

wherekK; is the crystal growth rate constant an@ndm > 0 crystallites” growth exponents.

n = 1 for growth mediated by diffusion of solute ame= 2 growth controlled by the presence

of screw dislocations in the crystalliter ranges between Y2 and .= 1/2 for growth
controlled by undisturbed diffusion of solute amd= 1 for growth by diffusion of solute
through a stagnant layer around the crystal and normal or spiral growth limited by transfer of
solute across the crystal/solution interfacenAt= 1 the crystallite radius increases linearly

with time [2, 37] and the dimensionless latent heat of crystallisation



a=-— (7)

Inserting equation (4) and (6) in equation (2) and defining (%)x andt = (%) Z, @ can

be expressed in terms of undercooling

u -b u—-x —az {nm d
a(u) = Cm,df e(1-x)x? <f zm-1 [1 - e(l—z)] dz) dx (8)
0

0
where the dimensionless parameigr, is given by

md+1

T,
Ca = kym®K K (;) (9)

Equation(8) can be solved if the analysis is restricted to small enough valuesaifsfying

inequalities
u<0lau<li (20)

then

(11)

—au

l1—-u=~1landl —et-w =~ qu

With these simplifications equation)(@en becomes



d

u —pfl ru—x
a(u) = Cm,da"mdf ex? U ZM+Dm=-1q,1 dx (12)
0 0

Likewise, it has been shown [1, 2] that the inner integral in equation (12) can be solved for

small values of:, satisfying

1/2

2b
U< (—) (13)
3
leading to
3\ (M+1)md+1 _b
a(u) =Ky q <E> eu? (14)

Additionally, it was observed?] that the exponential term in the above equation is an

-b
approximate ot -w»* and thus equation (14) becomes

3>(n+1)md+1 -b

a(uw) = K g <% e(1-wu? (15)

where the dimensionless parame{gy, is given by

F[(n+ 1)md + 1] nmd a(Te md+1
_ m md (€ 16
Kma = C D k,a™*K;Kg (q ) (16)

andr is the gamma function



Equation (15) can be expressed in terms of the number of crystallites upon repldnyng

N and settingl = 0

3 -b
N(u) = Ky (;7;) e[(l—u)uZ] a7

whereK} is obtained by makingy = K, o and is given by

VK, T
Ky = ; - (18)

If plots of @ andN are constructed as a functiongthey show that andN are monotonically
increasing functions af, with a sharp rise at a certain value that corresponds to the relative

critical undercooling for crystallisatiom. [2] defined as

AT,
u. = —S (19)
C Te
where
AT, =T, T, (20)

HereT, is the crystallisation temperature

Foru < u, crystallites are so small or few thatandN cannot be detected or are below the

detection limita g, Nger - FOru > u, the solution will contain big enough crystallites that



and N will be detectedx > a;,; and N > Ng,;. This meansu,. is the maximum relative
undercooling that a solution can sustain without detectable crystallisation. In otherayords,
represents the solution metastability limit in terms of undercooling [Ih§.limit, however,
depends on a number of parameters among which one of the most featured is the cooling rate
(g). With the help of the previously presented equation&fandN, theu.(q) dependence

can be determined.

Expressing equation (17) it in terms of gives

VK, T. (u.3 __=-b
N(uc) = Ndet = (; e <#) e[(l—uc)ucz] (21)

Upon taking logarithms at both sides of equation (21) a model expression that relates relative

critical undercooling:. with cooling rateg is obtained

VKT, b

— I 22
Inq lnNdet 2b+31nuc 0= uu? (22)
Likewise, if the parameteig, , a, anda, are defined by
a1 = 3 (23)
az = b (24)
VKT,
= 2
do N, 2b (25)
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Then the latter equation becomes

a,

lnq=lnq0+allnuc—m
c/bc

(26)

When equation (26) is derived by meanspthe parameters, , a; anda, are defined by

3nmd
= 27
% md+1 (27)
b
= 28
%2 md+ 1 (28)
1
B [[(n + 1md + 1]K,a"? K, K[ md+1) 29)
07l (n+1)2 (2p)n+Dmd+ig,

The parameters in equation §26 q,, a; anda, have a physical meaning; has a relation
with the crystallites growth as its values are determined by the growth exponents
n,mand d. a, is proportional or equal to the thermodynamic nucleation parametedq,

has a relation with parameters of both nucleation and crystallite growth processes.

2.2 Instantaneous nucleation case

In the case of instantaneous nucleatitha similar derivation was dorj&] but taking into

account that for the case ¥ all crystallites nuclei appear at once with a concentratjost

11



the moment,. Thus the change of the volume of crystallites with time will only depend on

the crystallites” growth and can be expressed as

t

d
a(t) = k,C, U G(t") dt’l (30)

0

Where t’ time integration variablesd = 1,2,3 dimensionality of crystallite’s growth

k, (m3~%) crystallite’s growth shape factor.

Using equation (6) and settimg= %x an expression fat in terms ofu can be found

u —ax {nm d
a(u) = Cpq < f xMm 11— (-2 dx)
u

(31)
where the dimensionless parameigr, is given by
Cma = kym?C, (KGTe)md (32)
For small enough undercooling
u<0lau<li (33)

in which case

12



—-au
l—u=1land1l-—e@-w = qu

The integral in equation (31) can be solved leading to

d
& (1) = Ky g[ 0™ — 000

In this expressiom, is the relative undercooling at the timeand is given by

HereAT, is defined by
ATO = Te - TO
whereT, is the solution temperature at the tirge

Likewise, K,, 4 is given by

n md
- <a KGTe)

q
K =
md (n+1)4

(34)

(35)

(36)

(37)

(38)

As in the case of progressive nucleatois a monotonically increasing functionw{1] with

a sharp rise at a certain value that corresponds to the relative critical underagoling

13



Therefore definingx(u,.) = a4.; and taking logarithms at both sides of equation (35), an

expression can be obtained for the dependence of relative critical undercooling on cooling rate

1
_ = m+1)m _ _ (n+1)m
Ing=1Ingqqy + ( )ln[ue U, ] (39)

In this expressiom, > 0, u, > u, and the parametey, is given by

1

k,C, md n
o (n+ 1)dadet] @ ol

If additionally, the undercooling at which all nuclei spontaneously appear is small enough so

that
u(()n+1)m « u£n+1)m (41)
Equation (39) takes the form of a straight line given by

Ing=Ing,+ (n+ 1) Inu, (42)

It should be noted that a comparison of equation (39), with the one obtairidd derived by

means ofx, which is defined as

3nmd a,
) nu, —

kbl S 43
md + 1 (1 —u,)u? (43)

Inqg = lnq0+(3+

14



shows how the dependence of the relative critical undercoajingn the cooling ratg is
different depending of the mechanism by which nucleation takes place. In the eas¢hef
expression contains parameters depending on both crystallites nucleation and growth whereas

in the case of N the parameters in the expression are only related to the crystallite’s growth.

2.3 Thenucleation rateJ

The nucleation rat¢ given by expression (4) equates that given by 3D classical nucleation

theory expressed in terms of relative critical undercoaling

The classical theory equation for nucleation is given by expression (44)

J = K; exp —[kn,v2y3ss/(KT)*(In $)?] (44)

Due to the drop of' during cooling,/ changes primarily because of the strong temperature
dependence of the exponential factor. In this facipis an exponential function of T which

can be approximated by the integrated van’t Hoff equation

-

C,(T) = C,exr. (45)
Here the reference solute concentratiprand the molecular latent heat of crystallisaficare

weak functions of temperature and can be treated as T-independent’ &imab€ equal their

equilibrium valued, andC, when cooling commences according to equation (45) we have

15



-1
C = Cyexp (ﬁ)
e

and hence

Cc AAT
& = o (i)
whereAT = T, — T is the undercooling.

Thus combining equation (44) and (47) yields

]=K]exp[

(1;2;)@—:)2]

where the dimensionless thermodynamic paranteiggiven by equation (5)

(46)

(47)

(48)
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3. Kerosene n-alkanes chain length distribution

mass %

T T T T
C6 C7 C8 C9 Cl0 Cl1 Cl12 C13 Cl4 Ci15 C16 Cl17 Ci8
n-alkane

C1

Fig. S2 Kerosene n-alkane mass fraction distribution as obtained by 2D Gas Chromatography analysis performed by
Infineum UK

4. Temperature calibration linesfor the Crystal 16 unit

Temperature calibration lines for dodecane, kerosene and toluene solvents are provided below.
These are obtained by plotting the temperature at which the Crystal 16® is programmed against

the actual temperature of the solvent as measured by a calibrated thermocouple.

17



a)

b)
23 25
5 .| y=08684x +2.1967 5 . ¥ a0
= R*=10.9998 z )
b= 15 ot 15
= =
@
,E 10 E 10
g g
@ <
E 5 g 5
P o
10 / 5 10 15 0 2 10 / 5 10 15
5
-10 10
Programmed T (°C) Programmed T (°C)
<)
25
y =0.9543x + 0.9878
o x R*=0.9994
: 15
=
[l
; 10
w
g
=
e
10 / 5 10 15 0 25
-10
Programmed T (°C)

Fig. S3 Temperature calibration for the Crystal 16 unit for a) dodecane, b) ker osene and c) toluene solvents
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5. Flow chart describing how to apply the KBHR approach for the analysis of

nucleation kinetics from polythermal experimental data

I Prepare binary mixture: solute viscosity | | [ INgTANTANEOUS NUCLEATION
must remain virtually unchanged in T range

studied & itz solubility increase with
increasing temperature
- 6. Evaluate mequalities (20)

2. Use polythermal method to obtain average Solve the ‘
values of T, at different cooling rates g KIMA formula < No Inequalities met
_ | uumgx;sal.b, Yes
' ee \J/
suplemmentary,
3. Obtain relative critical undercooling u, asa material.

function of cooling rate g using equation (5)

¥ No

4. Construct plot of Ing Vs Inu, & fit
experimental data points by a straight line

-

5. Apply the RULE OF THREE 7. Blatn g Vs w,. From best fit of data 7. Determine two free parameters
according to equation (14) determine Inggand (n +1) according to

the wvalues of free parameters, equation (18) from previous best
Ingo,~, (n+ 1)m and ui*H ™. linear data fitt Crystallisation
m -
Crystallisation parameters related to gg pa.mmetars _rela;;d to qo obtained
obtained using equation (15) using equation (15)
No Yes

8. Evaluate inequality (17)

PROGRESSIVE NUCLEATION

- = -

| 6. Evaluate inequalities (20) |

‘ No Yes
Solve the KIMA

Inequalities met  n, _ > formula..
pumerically. See
Yes suplemmentary
\l/ material.

7. Blpt. JngVsu,. From best fit of data

accordmﬁg to equation (4) determine values of o @ validiy of Confirmed validity of
3 e parametetsin go, a, and az. data fitting according to data fitting according to
Crystallisation  parameters  related to _ R

. _ ; equation (14) equation (18)
qo,ay and a, obtaned using equations (7 to

9) & (11 to 13) for N — determined or a —
determined technique respectively

END

Fig. $4 Flowchart describing the procedureto follow in order to apply (KBHR) approach for the inter pretation of
metastable zone width data (MSZW) collected by means of the polyther mal method
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6. Experimental crystallisation T, and dissolution T 4;5, temperatures as a function

of cooling rate q

Table S1. Average dissolution (T 4;s) and crystallisation (T.) temperatures as a function of cooling rate for methyl
stearate in dodecane, kerosene and toluene at solution concentrations 200, 250, 300 and 350 g/L of solvent for the first
two solvents and 154, 192, 231 and 269 g/L of solvent for toluene. Standard deviation (SD) of crystallisation and
dissolution temperatures. Relative critical undercooling u, calculated according to equation (5). Equilibrium
temperatures T, obtained from extrapolation of best-fit straight linesthrough Tg4;.5(q) data points

Rate TC (OC) SD Tc (OC) Tdiss (OC) SD Tdiss (OC) Uc
°C /min

dodecane

200

0.25 15.81 0.19 19.67 0.11 0.010

1 15.03 0.10 20.71 0.10 0.013

3.2 13.61 0.48 23.47 0.26 0.017

9 10.86 0.04 35.37 0.10 0.027
T,=18.70

250

0.25 17.43 0.28 22.19 0.10 0.012

1 16.82 0.36 22.80 0.10 0.015

3.2 15.45 0.30 25.30 0.33 0.019

9 12.88 0.55 36.36 0.41 0.028
T,=21.09

300

0.25 18.84 0.26 23.04 0.11 0.011

1 18.56 0.13 23.94 0.20 0.012

3.2 17.15 0.18 26.29 0.22 0.017

9 14.56 0.31 36.72 0.10 0.026
T,=22.18

350

0.25 19.76 0.14 24.18 0.10 0.015

1 19.18 0.26 25.49 0.26 0.017

3.2 17.90 0.21 29.22 1.02 0.021

9 14.67 0.43 36.85 0.06 0.032
T,=24.12

Kerosene

200

0.25 12.43 0.66 17.66 0.07 0.017

1 11.76 0.96 18.67 0.09 0.019

3.2 10.11 0.59 22.11 0.15 0.025

9 7.66 0.38 30.75 0.49 0.033
T,=17.25

250

0.25 15.37 0.47 19.54 0.05 0.013

1 14.85 0.50 20.67 0.11 0.015

3.2 12.24 0.54 24.59 0.36 0.024

20



9 9.98 0.50 33.47 0.63 0.032
T,=19.21

300

0.25 16.73 0.45 21.03 0.04 0.014

1 15.53 0.46 22.34 0.17 0.018

3.2 13.91 0.36 27.02 0.46 0.024

9 11.24 0.35 36.01 0.97 0.033
T,=20.86

350

0.25 17.81 0.56 22.19 0.11 0.014

1 16.95 0.16 23.65 0.23 0.017

3.2 15.28 0.57 28.18 0.73 0.023

9 11.90 0.07 37.58 1.09 0.034
T,=22.01

Toluene

154

0.25 -2.39 1.48 2.17 0.09 0.016

0.5 -3.69 1.56 2.42 0.19 0.020

1 -3.02 0.92 3.01 0.18 0.018

1.5 -4.11 1.08 3.51 0.05 0.022
T,=1.90

192

0.25 -0.10 1.79 4.48 0.11 0.016

0.5 -0.65 1.02 5.09 0.07 0.018

1 -0.83 1.46 5.47 0.12 0.019

1.5 -1.42 0.93 5.97 0.14 0.021
T,= 4.36

231

0.25 1.06 1.16 6.20 0.09 0.018

0.5 0.78 0.96 7.13 0.09 0.019

1 0.30 1.07 7.71 0.09 0.018

1.5 0.13 0.63 8.39 0.09 0.022
T,= 6.04

269

0.25 2.92 0.50 7.69 0.10 0.016

0.5 3.03 0.46 8.79 0.10 0.016

1 2.34 0.55 9.39 0.10 0.018

1.5 1.85 0.61 10.26 0.08 0.020

T,=7.50
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7. Comparative plots of nucleation Kkinetic parameters for methyl stearate

crystallising from dodecane, ker osene and toluene solvents

Fig. S5shows the results for each of the nucleation parameters obtained as a function of solvent
and solution concentration at the corresponding experimental crystallisation temperatures i.e.
the crystallisation temperatures obtained from the extrapolated line&Ctmif for the
dependence of crystallisation temperat(fg) on cooling rate(q), at each of the chosen

solutions’ concentrations.

Given that these plots are not obtained at iso-supersaturation values they can be used to perform
only an initial screening of the behaviour of methyl stearate nucleation as a function of
crystallisation environment. From the engineering point of viewSEigshows practically the

impact of solution environment on nucleation parameters at the experimental crystallisation
temperatures e.g. that interfacial tensions are higher in toluene, which has a direct impact on

the nucleation rates in this solvent where they are the lowest.
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